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he MNational Bureau of Standards' was established by an ac ,of Congress on March 3, 1901. ’I:h_c
Bureau's overall goal is to strengthen and advance the nation’s science and technology .and.facxlnat_e
their effective application for public benefit. To this end, the Bureau conducts research and provides: (1) a
baws for the nation's physical measurement system, (2) scientific and technological services for industry and
government, (3) a technical basis for equity in trade, and (4) technical services o promote public safety.
1he Burcan's technical work is performed by the National Measurement Laboratory, the National
‘F-nginecring 1 aboratory, the Institute for Computer Sciences and Technology, and the Institute for Materials

Saenee and Engineering .

The National Measurement Laboratory

1ovides the national system of physical and chemical measurement; ¢ Basic S_(a_ndards
coordinates the system with measurement systems of other nations and ¢ Radiation Research
X .
L ]

turnshes essential services leading to accurate ‘and,unifprm physical and Chemx__cgl Ppygcg
Cemical measurement (hmt{ghoul lt_le Nation s scte_mm«; community, in- Analytical Chemistry
Jdustry, and commerce; provides adv;_sory,and resea}rch services to other

Government agencies; conducts physical and chemical research; develops,

produces, and distributes Standard Reference Materials; and provides

cahbration services. The Labotatory consists of the following centers:

The National Engineering Laboratory o |
Prondes technology and techriical services to the public and private sectors 1o * Applied Mathematics
address national needs and to solve national problems; conducts research in Etectronics and Electrical
enemecring and applied science in support of these efforts; builds and main- Engineering*

s competence in the necessary disciplines required 1o carry out this ‘¢ Manufacturing Engineering
pewearch and 1echnical service; develops engineering dagq and measurement * Building Technology
capatulines; provides engineering measurement traceability services; develops ® Fire Research o
te~1 methads and proposes engineering standards and code changes; develops  * Chemical Engineering

amd propeses new engineering practices; and develops and improves

i hansinis to transfer results of its research to the ultimate user. The

1 abunaton comsists of the following centers:

The Institute for Computer Sciences and Technology

Condudts research and provides scientific and technical services to aid ¢ Programming Science and
Faderal agengies in the selection, ‘acquisition, application, and use of com- Technology

puzet technolopy 1o improve effectiveness and economy in Government o Computer Systems
vperguions 10 accordance with Public Law 89-306 (40 U.S.C. 759), relevant Engineering

Fsavunve Orders, and other directives; carries out this mission by managing
the Federal Information Processing Standards Program, developing Federal
ADP sandards guidelines, and managing Federal participation in ADP
voluntary standardization activities; provides scientific and technological ad-
vy services and assistance to Federal agencies; and provides the technical
taundation for computer-related policies of the Federal Government. The In-
<ttt conssts of the following centers:

The Institute for Materials Science and Engineering

¢ eoducts research and provides measurements, data, standards, reference * Ceramics
‘erith, quantjtative understanding and other technical information funda- e Fracture and Deformation *
1l to the processing, structure, properties and performance of materials; » Polymers
iiteses the scientific basis for new advanced materials technologies; plans Metallurgy
reseatch around cross-country scientific themes such as nondestructive ¢ Reactor Radiation
ation and phase diagram development; oversees Bureau-wide technical
wrams m nuclear reactor radjation research and nondestructive evalua-
“eutand broadly disseminates generic technical information resulting from
programs. The Institute consists of the following Divisions: '

cerend 1 ahoratories at Ga}(hersbuig. MD, unless 'o.lh._em:is,e noted; mailing address
2, MDD 20899,

< erwens within the venter are located at Boulder, CQ 80303.

"t Bealder, CO, with some elements at ‘Gaithersburg, MD.
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NBS 50 kHz PHASE ANGLE CALIBRATION STANDARD
R. S. Turgel

A detailed description is given of the features of
an electrical phase angle calibration standard designed
for operation over a frequency span of 2 Hz to 50 kHz. The
phase resolution of this calibrator extends from just
below 2 millidegrees at the low end of the frequency range
to about 5 m1]11degrees at the high end. The uncertainty
in the phase angle is a function of frequency, amp]itude,
and amplitude ratio of the two outputs. It varies from
5 - 50 millidegrees.

The phase angle calibration standard is a source of
two sinusoidal signals with an accurately known phase
angle between them. The signals are generated us1ng
digital waveform synthesis and are programmable in
amplitude (0-100 V) and in frequency {2 Hz-50 kHz).
Operation is controlled from a front panel keyboard, or
remotely via an 1EEE-488 bus interface, under control of a
microprocessor. Selected signal parameters are displayed
on an alpha-numeric readout and can be transmitted over
the bus,

To ensure accuracy, the system uses an auto-zero
feedback loop that compensates for residual differential
phase shifts in the output amplifiers., The compensation
scheme measures the departure of the output phase angle
from true quadrature, for a nominal 90-degree setting, and
app11es a correction to the computation of the digital
sine wave synthesis,

key words: calibration; digital waveform synthesis; phase
angle; phase meter; sine wave generator; standard.



1. INTRODUCTION.

The present publication describes in detail the design and operation of
an -audio-frequency phase angle calibration standard, with a frequency range
from 2 Hz to 50 kHz, constructed at the National Bureau of Standards (NBS). A
previous version of this standard {with a maximum P kHz operating range) has
been described in NBS Technical Note 1144 [1]"°, The development of these
standards was undertaken because of a need to provide a high accuracy audio-
frequency phase angle reference, so that both manufacturers and users of phase

measuring equipment could obtain consistent measurements throughout industry
and other user communities,

The work was sponsored, in part, by the Department of Defense through the
Calibration Coordination Group (CCG) which has a particular interest in the
phase angle standard. The publication of a detailed description of the
instrumentation.system was suggested by the CCG to encourage commercial
production of a phase angle standard based on the NBS design.

The principle of operation was described in a 1978 paper [2] and many of
the circuit details of the earlier, 5 kHz version can be found in [1]. The
present publication contains a description of the changes in both hardware,
software, and operating procedures for the 50 kHz version of tBe NBS Phase
Angle Standard. The revised specifications are shown in table 1.1

1Numbers in brackets refer to the literature references listed at the end of
‘this report.

21n order to describe the system discussed in this report adequate]y,
commercial equipment and instruments are identified by their manufacturer's
name or model number. In no case does such identification imply recommendation
or endorsement by the National Bureau of Standards, nor does it imply that the

material or equipment identified is necessarily the best available for the
purpose.,
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Phase Angle:

Range -999.999 to +999.999 degrees
Resolution 0.0014 degrees 18
: (1 part in 2°7)

Systematic Uncertainty (Equal-Amplitude)

at 60 Hz 0.003 degrees

at 400 Hz 0.004 degrees

at 5 kHz 0.008 degrees

at 15 kHz 0.016 degrees

at 30 kHz 0.027 degrees

at 50 kHz 0.040 degrees
Systematic Uncertainty (Amplitude Ratio 7:1)

at 60 Hz 0.004 degrees

at 400 Hz 0.006 degrees

at 5 kHz 0.011 degrees

at 50 kHz 0.080 degrees

Qutput Frequency:

Range 2 Hz to 50 kHz
Resolution 1 Hz up to 5 kHz; 10 Hz above 5 kHz
Accuracy 0.06 %
Stability 1 ppm

Output Amplitude:

Effective Range
Resolution

Accuracy

DC Offset Voltage

steps of approx.

0.5 to 100,0 V rms
2mV, upto 7V
steps of approx. 24 mV, 7 to 100 V

0.14%

< 0.5 mV for Outputs to 7 V rms
<5 mV for Outputs 7 to 100 V rms

Table 1.1

Performance Specifications



2. DESIGN CONSIDERATIONS.

This section presents a brief overview of the features of the 50 kHz
Phase Angle Standard that are significantly different from those of the 5 kHz
version, Further information can be found in the appropriate sections
describing the hardware and software in more detail.

2.1 Waveform Generation

The Phase Angle Standard is a signal source of two sine waves that are
synthesized from sets of digital data. The digital data are computed so that
the phase angle between the resulting pair of sine waves is precisely
determined, and the data are then converted to sinusoidal voltages by dual
digital-to-analog converters. This process is described in detail in [1]. As
in the first version of the Phase Angle Standard, 16-bit digital-to-analog
converters are used for output frequencies up to 5 kHz; these converters have
the advantage of generatnng waveforms with high phase resolution, but are
Timited to maximum conversion rates of 400 kHz, Because of setthng time
limitations, the 16-bit converters cannot cope with the higher conversion
rates needed to produce low distortion sine waves with frequencies from 5 kHz
to 50 kHz. Therefore, for the upper range of frequencies, waveform generation
is carried out by f.a,st:er, 12-bit converters which permit 10 times higher
conversion rates. The increase in speed is obtained at the cost of some
loss of phase angle resolution as a consequence of the shorter word length.
The implications of 12-bit quantization of the data used for waveform
reconstruction on the theoretical and practical limitations of angular
resolution are more fully discussed in [3].

The timing requirements for operating in the higher frequency range
demand not only higher speed digital-to-analog converters, but also a change
in operating mode. When synthesizing sinusoidal waveforms up to 5 kHz, a pair
of new digital values is computed every 2.5 microseconds, an interval long
enough for calculations to be carried out in real time. Above 5 kHz, however,
when using the 12-bit digital-to-analog converters capable of up to 4 million
conversions per second, the available interval is not sufficient for real-time
calculations. The sets of selected values from which the waveform is
reconstructed must therefore be calculated ahead of time and stored in random
access memory. The stored values can then be transfered to the digital-to-
analog converters at the required Speed.

2.2 Quadrature Phase Detector

One of the critical components of the Phase Angle Standard system is the
quadrature’ phase detector, It is part of the auto-zero feedback loop which
corrects residual differential phase errors in the output amplifiers. The 5-
kHz version of the NBS Phase Angle Standard uses resistive attenuators as part
of the phase detector which are adequate for the Tower frequency range, but
unsuitable for the extended range up to 50 kHz. Therefore, the phase detector
circuit has been redes1gned to use binary inductive voltage dividers to

4



attenuate the signals to the appropriate levels. These voltage dividers are
constructed with special torroidally wound transformers chosen for their low
inherent phase errors [4].

Because inductive voltage dividers tend to saturate in the presence of
even small dc currents, dc offset voltages in the signals to be attenuated
have to be nulled. The d¢ offset in each channel is effectively removed by
injecting a compensating current into the output amplifiers. The compensating
current 1s adjustabie under software -control, and its magnitude is computed
based on iterative measurements of the dc offset voltage by the system,

2.3 Instruction Set

The set of operating instructions for the Phase Angle Standard has been
divided into two subsets; the Phase Calibration (normal) Mode and the Test
(diagnostic) Mode. The first subset is almost identical with the operating
instructions given in [1]; the diagnostic subset is designed to help with
trouble-shooting procedures and provides more direct access to some of the
hardware. The instruction set is more fully explained in chapter 3 below.

2.4 IEEE-488 Bus

An interface has been provided for a connection to an IEEE-488 bus which
allows the Phase Angle Standard to be controlled remotely. Commands can be
transmitted to the Phase Angle Standard and status information and messages
can be returned to the instrument controller. Further details are given in
chapter 5 on Hardware and chapter 6 on Software.



3. OPERATING INSTRUCTIONS
3.1 External Connections

(a) Power Cord. The power cord for the 120-volt 60-hertz line plugs into
a receptac|e at the left rear of the instrument, A 15-volt standby power
supply is always energized whenever the cord is connected to the line.

(b) Output Connectors. The Reférence and Variable output voltage signals
are available thArough the lTower two BNC connectors at the rear of the
instrument.

3.2 Front Panel Controls

(a) Power Switch., The toggle switch on the left-hand side of the front
panel controls a solid-state relay which connects the 120-volt power line to
the instrument power Supplies.

Note: A 15-volt power supply remains on even when
the switch is in the "off" (stand-by)
position to provide the control current for
the solid-state power relay.

(b) Keyboard. The Phase Angle Standard is operated from push-button keys
on the front panel arranged as a 12-button Command keyboard and a 12-button
Numerical keyboard. Ease of operation was an important criterion in the design
and layout of the controls. In the normal phase angle calibration (PHASE CAL.)
mode, the desired function is selected by pressing a command key and the
operating parameters are then entered on the numerical keyboard. Details of
these key entry sequences for various functions are shown 1n d1agrammat1c form
in tables 3.1 to 3.6. Additional information can also be found in chapter 3
of [1]. With minor exceptions the main operating procedures are the same for
the 5 kHz - and 50 kHz versions of the Phase Angle Standard.

{(c) STOP and RUN. In the normal (PHASE CAL.) mode the STOP and RUN
function perform the.following actions:.

Actuating the STOP key ‘inhibits further computation by the waveform
generating microprocessor and sets the output ampl1tude to zero on both
channels, Also, the default restart address of this microprocessor, “06," is
set up internally and displayed on the readout. The address can be changed, if
desired, by entering two hexadecimal digits. (For instance, a program starting
at address "AQ" provides dc output voltages proportional to phase angles or
offset angles entered from the.keyboard. This program can be used to test the
digital-to-analog converters.)
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When the RUN key is subsequently pressed, the amplitudes are restored to
their previous values, and the waveform generating microprocessor restarts at
the address indicated ("06" for normal operation).

Note: If the RUN key is activated without first
operating the STOP function, an error
condition will exist because no starting
address for the microprocessor has been set
up. The error condition can be cleared by
operating any other (valid) command key.

(d) RESET. The RESET key is linked directly to the display and keyboard
control microprocessor and restarts the Phase Angle Standard to its default
{power-on) setting, whatever its present state, It can be used to reinitialize
the system in case of a temporary malfunction, or if the system does not
restart by itself after external power is interrupted,

{e) Test Mode. In addition to the normal operating mode (PHASE CAL.
MODE), the Phase Angle Standard can be switched to a TEST MODE. This mode
allows more direct interaction with certain hardware components for diagnostic
purposes. It provides the capability to access microprocessor memory locations
which store the signal amplitude and attenuator settings in binary form and to
modify these values from the keyboard., With a suitable choice of entered
values, individual bit-lines leading to the output amplitude and phase
detector attenuator control can be checked (using the AMPL key or the PHASE
key respectively). At the same time the relays associated with these functions
can be tested. ‘

Other test functions available in the TEST MODE permit exercising of the
signal channel interchange relay which is located at the input to the phase
detector circuit (using the STOP key), digital measurement of the phase
detector output (SINGLE STEP key), manual and automatic adjustment of the dc
offset in both output channels (OFFSET key), and changing the tolerance and
delay garameters-used with the auto-zero procedure (blank key between RESET
and TM).

The TEST MODE also provides a readout of the auto-zero correction
determined by the system at both the auto-zero frequency and the current
operating frequency (AUTO ZERO key). This information is useful as a check of
the auto-zero performance.

To accommodate the instructions for the extra functions of the test mode
and entry of hexadecimal numbers without adding additional keys, multiple
key-stroke commands are necessary. These begin.with the TM key (lower right-
hand command key) followed by one or more command keys and hexadecimal number
entries. Details of key-stroke sequences required for various functions can
be found in tables 3.7 to 3.14,

Note: For hexadecimal entries in the TEST MODE,

the command keys marked A to F are used in
addition to the numerical keyboard.

10



8°¢ aqe|

“Yd3ims Bugsaanad pauueyd 4o votltsod smous Aefdsip Jo duiy puodag

13304

*bugies 1, Laweys Aeidsio (3)

*6u1333S 0, 12UUEYS AR[GSIP PUR LOLIRJAO OLRZ-0IN?
40y sanpea ajeiadosuce 03 A[[RI1010INE SL0IBNUAIIR (30 I35 @

“HOLVNNILLY. 393t35 (2)
‘3004 1531 93135 (D)

. o - " 1383y
¢l t 2 T loass | Nane FrIY
[ . NONIS i
. ® L£),
9 | G| v (| w3z
. L osnv)
] | 3
6 R 8 | 4 | 0344

INILL3S ¥OLVANILLY YOLIILIC 3SVHL ITIvWOLNY

L°g 3tqel

{440 *3 °g *y *2 ‘9 ‘€ “2 194313 St 161D y3p)
WUD1H, 5L | J1Q JL pajoduuodsSIp St J03IeNUIIIR DY :IION

{s3ton QOt-£)
abues yb1y-(,M07, 3iq JuedLyrubis Iseal) uand sL JGLP 4L~

{s3ton (-0) .
abues 0| -(, 46 tH, 11Q JUed1s1ubls 3seal) ppo St 2u5p gt - 3BIR Wy
©.wopjauny ou - 31bip pag
sAe[as 407ENUBIIE 104IUOD 47 O3 Q0. - 316Lp. puZ pue 1si
s1161p (ewgaapexay anoy Ja3u3 @

“(¥WA) wlw LBUVED.
do (430) uGe 13UURUD L3UILR DI

*137 LMS. GULSJ9AdL {BUURYD JO. u01313066 SMOYS Aeidsia  :ajoN
~Jojenuany 4039930 ISHd 30315 ()
"300w 1531 315 (1)

o Q ,
° . [s) | J | ,I-Q 4 13834
¢ 2 [azas § | Wow | | s01s

[ oms | O 8
o | [ g )

0l

6 8 ] ol |

o3ws | [a3ss10

ONTTL3S YOLVANILLY ¥01J3130 3SWHd

—
—



ol'e 2lqey

*(Juswapdwed S,0M3 Ul SiIQUMU ewLOapexay)

432121610, Aq paJnseau se 33s330 Op smous Ae(dsip Jo- aur puedds :aION

(YA} wla L2UUEUD
40 MH_NE w0, LauURYD J2UIL3 399136 (5)

‘uotqesadg 2rrEwodny 193135 (§)

135340 20 393135 @

-3004 1531 392135 (1)

o o - " . 1353y
€ | 2 1 T4 | d31s nn d0xS
) @ - 39Nis |}
~ e
] ] ] °
o1 siy| * Lonsd 2ane
NI

1 > Z)e v
€ 8 L 0344  ISYHH]

13s.440]

6°¢ atqey

*paJysap ._,._Quum Jeaday @

“{3uawR{dwod S,0M3 UL SJIQNU {BULDIPEXIH)
* 132131640, AQ paJnseaw Se 33s§j0 Op sMoys Aeidsip 3O 3uj) PuUodIS

SN

-saaqunu (ewdapexay oM 42363 (¢)

“(YVA) wla L3UUEY

40 {*438) 0. L2VNEYD J9U1}D 303135 (£)
*135440 90 3135 @)
+3000 153t wates (D

J081IN0D 135430 20 JILWWOINY:

L] - s
" 13524
£ _@ .
€ 2 4315 £\ | wny | | dous
FoNs,
o | i | ) o
¥ § on32 | -
ouev | J omy
~
X
2
? /8 v
© s ¢ o3us | |i3sasof | aswnd|

e e e e e

I0¥LNOD 135440 30

12



étg aAqel

“Zyy LL2€ 40 2 960V 3V PAUIMIIAP ST UCLIMLIOD 0JIZ-03ne feydsiq (F)

~£3uanbaay IndIno padAAs 403 vﬂma_.uw. UDL3IPAA0D. 0a3Z-03NR AeidsiG @
*300W 1531 393128 ()

(s} - ._J.» 1383y
z1 1 | REIT e | g01s

. Tonis 1
g . ,vn Maﬂ“m 3 anuq.m
8 | | S 3 e.umu, ] ..»mmuwo “u..uﬂf .

NOILI3HH0D. O3Z-010V 40 AVWSIC

thg ey

12343A007 118-2L
493434007 318-91
9 dbuey OA-£
1g abuey A COL-¢
19 abuey A (-0

fo—— abuey e . — opmitduy 148-2 | 0
) T T T T I AN A T T Tt
z ol €1 bl st

o L 2 £ ¥ S 9 ( 8 & o2
,TI:_E_. ny L T 3610 E.nb._ T 16ig puz ..l- Tl 31614 I8t |L

f3ewioy [043U0) mbzu:.a.__i {ewLOapeXaY.

"pa.1s3p 34 (E)Mns Jeaday
*saaquny |ewjdapexay 3164p-p 493u3(p)

.A=<>W .L..:S_u..u
40 {435) ~0, 13UuRyd 2931 13195 ()

*30N114HY- 299138 ()
*3004 1531 39195 (D)

N o@ 1383
€ 2 g | | eoss
=
4 : b D~ 2

9 S b _ : ™

| owsz :

 oine Wy
| 1 H i A | - 2 . . v
6 ;] 4 | § 034§ 143%330f | a5VR,

‘sila

13



L€ 2LQ0)

*{apow Bugyesado. |euucy)
“[A2y Npu] 300K “W)- 3SvHd 39313s @)

*uoj3eaado 3004 L1534 Aue wosd (D)

- g 13s38]
| d31S - ﬂu..:. &
JoNs T o048

Fl

y k] a
oy3z ) X
o1ny WNY |

3 1 » v
("7} 135330 | aswue

€L°E |Lqel

-uoi3gsod 3sHINTY ()
“uo3sod. WHHON.(©)
[ Aoy, dp1s] HILIMS TNNVHD. 399135 ()
“300W 1531 393135 ()

300K ONI1vH3Id0 IVWION
01 300W 1S31 WOH3 RuAI3Y

:g . ] 1383¥
4348 | NN
L 3NONIS |
0¢“~ . 3 a
oiny | | emy
3 e | § v
B3ug 1 138d40] | ISvHe

(40133130 3SYHd 30)

HILINS ONISHU3AIY TJNNVHD,



91°¢ alqel

*9IULL3| 0} 4O Bw} fe|dp

J3Y3}9. 403 SanLRA ILNRJAP 135 LL4M A4JUD G060, V (q)

+Bu431as 3duraa|0l 40 Ly Key3p Uy sabueyd

oyew 03 pajeadas 3q ued pue (ePuoi3do Aue S3SFUD JIquny. (©)

...uﬁu..: Lewgdapexady 316¢p-p 4933
*30URII(0] B4Z-0INR JOILIS @

*(SpUOdaSILLIW = JUILNAINDI. {PWIIP)  JIGUNU LRWIPRXIY 3464p-p 233U3

“(LIVK). 3up3 £eLap 3aa1ag ®

~300¢ 1531 39935 D

(i
. _ ) D &St .
0 N O 1 1asaw
€ fz!ll = { ¢35 |
4 v . 345 | NOY:
| Yroms| "™ 018
9] 1 ¢ . - 3 a
: S| ¢ ou3z |
] oLnv Ny
6 8 L Su | v I
v 115430] | aswma]

IN3WISACQY 3INVH30!
0337-01AV ONY TLTVM) AV130 SNIQY3N

SL°E 3(qel

*5UO} $4IAUCD. {RUOLILPPER: JO, .@nuﬁ jeaday 930N

*[A33 d3L§ TIONIS] P4ROG IINNL) 40330 Iseyq wod) IndIng Aeydsip pur 1u3au0) @)
*300w 4533 339135 (D

. o} - 1 a3sv}
A 3

i 2)
€| 2 T 4345, NNY doLs |

] | ! Jaroms

4
: . ] 3 a |

9 5 Lt ] Nww..wf 4ny

1 1 1 E) 9 v
6 8 & 0344 {13s400] | sswma|

(431¥TANOT G/V) §3ZILI910

[T2]
—



3.3 Error Messages

Table 3.17 shows the error messages the system can display and the
remedial action to be taken.

X T T s rr s ey st F R A XA R L R R Attt A A R L 2

ERROR MESSAGE

REMEDIAL ACTION

HTGH FREQUENCY

#réquéhcy'sefectéd"'

above 50 kHz

—Enter correct frequency

LOW FREQUENCY

VFreqhency selected

below 2 Hz

A Entér COrreci frequency‘

HIGH VOLTAGE

' Amp]?tude selected

above 100 volts

'Ehter'correctlémp]ifudé

SYSTEM STOPPED

cessor clock stopped

Waveform generating pro- Push 'STOP,' then 'RUN,'

enter frequency, or ‘RESET'

FIFO FULL

Command register
overflow

Reset'sysﬁem,'pUshviRESET'

DC OFFSET

Dc offset adjustment
out of range

Readjust dc offset controls
on the appropriate Output

Circuit Board‘

PROM 1 (2,3,4,5)

'>R§§a-oh1y‘memdry —

faulty or misread

Retry 'RESET,' if fails,
replace PROM integrated
circuits (Ckt. Bd. D11)

UNDEFINED FUNCT.

I11egal entry

Re-enter command or parameter

Table 3,17 Error Messages
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4, OPERATING PRINCIPLES
4.1 Introduction

As already briefly mentioned in chapter 2, the Phase Angle Standard
generates two sinusoidal output waveforms with an adjustable and accurately
known relative phase angle. The outpu’g sine waves can be applied directly to a
phase meter under test to check its calibration.

The phase angle, frequency, and amplitudes for each channel can be set
from the front panel keyboard or from a controller using the IEEE-488 bus. The
key strokes entered, or message data bytes sent over the IEEE-488 bus, are
interpreted by an 8- b'lt microprocessor that converts the ASCII format of the
commands and operating parameters into an internal binary code. The internal
code in turn controls the functions of the Phase Angle Standard and routes
commands and data over various busses or dedicated 1ines. A generalized block
diagram of the system is shown in figure 4.1,

The output waveforms are generated by a digital signal processor
consisting of a high-speed 20-bit microprocessor, dual-channel digital-to-
analog converters, low-pass filters, and amplifiers. The internal arrangement
of the 20-bit processor and its instruction code are described in detail in
chapter 5 of [1].

4,2 Method of Signal Generation

The output waveforms are generated by direct digital synthesis. Sets of
data points, spaced at equal time intervals along the waveforms, are
calculated so that they correspond to instantaneous values of the amphtude,
as shown in figure 4.2, The digital data are converted to voltages using dual-
channel digital-to-analog converters followed by amplifiers with appropriate
filtering to remove the harmonic components introduced by the sampled-data
process. A more complete description of the basic waveform generation scheme
can be found in [1]. As pointed out already in chapter 2, the details of the
process vary somewhat with the frequency range,

17



Functional Block Diagram of NBS Phase Standard
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4.2.1 Signal Generation from 2 Hz to 5 kHz

For sinusoidal output frequencies up to, and including, 5 kHz, the
digital data from which the waveforms are synthesized are computed in real
time. The number of sample points per waveform is selected from a binary
sequence with 64 samples at the highest frequency, 5 kHz, and increasing up to
131072 samples at 2 Hz. The number of Samples is chosen so that the sampling
ratée remains in the band from 200 kHz to 400 kHz for all sinusoidal output
frequencies in the range from 2 Hz to 5 kHz. Referring to figure 4.2, the
sampling points, t., along the time axis are equivalent to "instantaneous"
phase values for each sinusoid, referenced to the appropriate zero crossing.
The choice of the two initial phase values, at time t then determines the
retative phase angle of the output waveforms. The cslcu]at1ons for a set of
data points involve the following steps:

i

(a) determination of the “instantaneous" phase value for
each of the two waveforms,

(b) computing the sine function for the instantaneous
phase values,

{c) storing the computed values for each channel so that
they are available to be applied to the digital-to-analog
converters at the proper time, and

(d) determining the appropriate sampling time intervals.

(a) Two 20-bit accumulators, one for each channel, compute and store the
instantaneous phase values., The 1n1t1a1 value Toaded into the accumulator s
the binary equivalent of the phase angle (or offset angle) entered through the
keyboard. For each subsequent data point, a phase increment (equ1valent to 360
degrees divided by the number of sample points per waveform) is added unti}
the waveform is completed To start the next waveform, the initial phase
value, or a new value, is reloaded into the accumulator and the computing
procedure is repeated,

(b) The instantaneous phase values from the accumulator are converted to
their corresponding sine function using a look-up table and interpolation
algorithm which is imggemented in a special hardware module, The resulting
angular resolution is 27~ (0.0014 degrees) and the sine value is expressed as
a 16-bit, two's complement number. The total conversion time is less than
400 ns. The Angle-to-Sine/Cosine Converter circuit board is described in more
detail in [1].

(c) The, pair of sine values required for each data point are calculated
sequent1al]y, and the results of the calculation are stored in corresponding
locations of two banks of 1024-word random access memories. The modulo-1024
memory address register, pointing to the current location in memory, is
incremented after every read operation, so that every memory location is
traversed in rotation.

19



(d) During a memory read ‘operation a strobe pulse, derived from a crystal
controlled frequency synthesizer, latches the 16-bit data into each digital-
to-analog converter channel. The synthesizer has four decimal digits of
resolution in each of the two freguency ranges used (200-400 kHz; 2-4 MHz),
and the strobe frequency is set by the 8-bit system control microprocessor.
The microprocessor uses a look-up table to determine the number of sample
points per waveform, and then calculates the strobe pulse rate so that the
desired sinusoidal output frequency of the Phase Angle Standard is obtained .

The numerical data latched into each converter channel are held stable
until the next strobe pulse enters new data. During the stable period, the
data are fed to the digital-to-analog converters and are finally converted
into output voltages while at the same time the next pair of values i$
computed.

4.2.2 Signal Generation from 5 to 50 kHz

While it is necessary to store only one digital word at a time for each
channel for outputs up to 5 kHz, the entire set of points on a particular
waveform must be stored in the random access memory for the frequency range
from 5 kHz up to 50 kHz . Complete waveform storage is necessary because the
digital-to-analog conversion rate required at these frequencies does not
provide a long enough time interval between data points for real-time
calculations.

Each data point of a set that defines the waveform is computed and stored
in one of the 1024 locations of the memory bank using the same procedure as
for low frequency generation, The strobe frequency (timing pulse rate) is set
equal to one tenth of the final conversion rate which leaves enough time to
carry out the calculations. As soon as all the data are stored, further
computation is inhibited by trapping the waveform generating microprocessor in
a "do-nothing" program loop. The strobe pulse rate from the independent
frequency synthesizer is then increased by a factor of ten, so that the output
sine wave of the Phase Angle Standard has the desired frequency. This rate
change is accomplished by changing the least significant bit of the range
setting which switches the crystal controlled frequency synthesizer to its
next higher range (x100 kHz to x1 MHz).

As before, the number of data points per waveform is selected from a
binary sequence with a minimum of 64 samples at the highest output frequency,
50 kHz, and increasing the number of samples to 1024 at output frequencies
just above 5 kHz. The choice is made so that the resulting sampling rate
(strobe frequency) falls in the 2-to 4-MHz band.

4,3 Digital-to-Analog Converters

To accommodate the conversion rates for both frequency ranges, two types
of digital-to-analog converters are necessary. For output frequencies from 2
Hz to 5 kHz, a 16-bit converter is used which settles in 2,5 microseconds, the
minimum t1me interval between strobe pulses in that range. The advantage of
the 16-bit digital-to-analog converter is its inherent low quantization noise
and therefore lower harmonic distortion in the sine waves synthesized from its
output. Also, the 16-bit word length, coupled with a minimum number of 64
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samples per waveform, permits a theoretical phase resolution of better than
0.001 degrees with the waveform reconstruction scheme employed [3].

In the upper frequency band, from 5 kHz to 50 kHz, the available time
between strobe pulses can be as short as 0.25 microseconds, so that faster 12-
bit digital-te-analog converters must be used. The 12-bit. word]ength Timits
the theoretical phase resolution that can be achieved and raises the harmonic
distortion of synthesized sine waves because of higher quantization noise.
However, with 64 samples per waveform, theoretical analysis shows that an
average resolution of better than 0.005 degrees is still possible (see
reference [3]).

The stepped sine waves produced by either the 16-bit or 12-bit digital-
to-analog converters are passed through low-pass filters which remove the
harmonics introduced by the sampled-data process. For each converter type,
separate active filters are used with cut-off frequencies appropriate for the
respective sampling rates.

4.4 Output Amplifiers

As shown in figure 4.1, the seven-voit s1gna1 passes from the active Tow-
pass filter to the programmab]e amplitude control (multiplying digital-to-
.analquconverter, MDAC in the figure) where it is attenuated with a resolution
of 2 steps. The attenuated signal is then passed through a low-voltage
ampiifier to provide 0 to 7.07 volts at the output terminal. For output
voltages from 7,07 to 100 volts, an additional amplifier is inserted into the
signal path with a (nominal) f1xed gain of 14,14, Because the additional
amplifier introduces a 180-degree phase shift, a compensat1ng adjustment in
the output phase angle is made by the waveform generat1ng microprocessor,

The gain-adjustable amplifiers can be bypassed by selecting the SEVEN-
VOLT-MODE from the keyboard. The output is then taken d1rect1y from the active
filter with a nominal amplitude of 7.071 volts. To minimize differential phase
shifts caused by the amplifiers, both channels are simultaneously switched to
the Seven-Volt-Mode. Resetting either channel to a different amplitude alsp
switches the other channel from the Seven-Volt Mode to the gain-adjustable
mode at a nominal amplitude setting of 7.07-volt.

4.5 Auto-Zero Correction

The output amplifiers, and particularly the filter circuits, are
carefully matched so that corresponding channels on the two output circuit
boards have nearly identical frequency response characteristics. The match
cannot be perfect, however, and small residual differential phase errors will
remain and have to be corrected. The auto-zero procedure measures the
deviation from the ideal response at quadrature and applies the result of the

measurement to the waveform generating c1rcu1ts in the form of a digital phase
angle correction,

Because of the well matched filter characteristics, the differential
phase errors vary essentially linearly with frequency in each of the two
frequency ranges. It is therefore sufficient to carry out the auto-zero
determination at only one frequency in each range, and the appropriate
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correction for the actual frequency in use is then calculated. The two values
chosen for the auto-zero determination, 4096 Hz and 32.77 kHz (32768 Hz
rounded up), are convenient, numerically, for calculating the corrections at
other frequencies. Also, these frequenc1es 1ie near the upper end of their
respective ranges where the error is larger. .

The iterative auto-zero procedure repeatedly determines the departure
from true quadrature of the output of the Phase Angle Standard and applies a
correction to the waveform generator until the quadrature error falls within
preset tolerances. The default values of the tolerances for the low and high
frequency ranges are approx1mate1_y ‘equivalent to 2.75 and 5.5 millidegrees
respectively.

To eliminate any possible errors in the phase detector itself,
measurements are made at +90 and -90 degrees, and again with the signal
channels interchanged. Internal feedback in the phase detector compensates for
possible d¢ offsets in the 1nput signals, reversing the 90-degree angles
compensates for dc offsets in the putput of the phase detector, and
interchanging channels compensates for possible phase offsets in the detector
circuitry.

Before actually measuring the quadrature error, the auto-zero procedure
performs a self-calibration to determine the sensitivity of the detector
circuit for the particular signal amplitudes applied. The sensitivity
calibration factor establishes the relation between the phase detector output
voltage and the angular correction necessary to modify the output of the
waveform generator. To prevent overshoot when the correction determined by
this procedure approaches its final value, the incremental angular correction
resulting from the iteration is reduced below the calculated value (by a
factor of two) when the quadrature error is within twice the tolerance value.
This more gradual approach to the final value generally will add only one or
two additional iterations, but, on the other hand, it will prevent prolonged
oscillation around the fina] 1ev.e‘l of the correction in most cases.

Since the phase detector must handle a wide range of input s1gna1s,
programmable attenuators condition the signal in each channel. As indicated in
chapter 2, the attenuators consist of specially wound torroidal, 7-bit, binary
inductive voltage dividers that have very low inherent phase sh1ft The input
and the output of the dividers are buffered with operational amplifiers. When
the Phase Angle Standard is not in the auto-zero mode, the attenuators are
disconnected from the circuit, but the phase detector 1nput amplifiers always
remain in the circuit so that they present a constant 1oad to the outputs of
the Phase Angle Standard. With the attenuators disconnected, either signal
from the output of the Phase Ang]e Standard can be routed through the phase

offset vo'ttage.

The voltage output from the phase detector circuit board is connected to
the Digitizer Circuit Board (A13), where it is filtered and amplified by an
instrumentation amplifier before being digitized using a 12-bit, dual-slope
analog-to-digital converter. The filtering removes the mpp]e from the
quadrature detector stage during the auto-zero determination and removes the
ac component from the signal when measuring the dc offset. A differential
input connection prevents small voltage differences between ground planes of
the two circuit boards from introducing offsets into the signal,
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~ After the final auto-zero correction has been determined, the output
phase angle is set to zero and the frequency originally selected is restored.
The correction is adjusted for the frequency in use, and it is applied

automatically to any subsequent phase angle setting until another auto-zero
procedure is performed,
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5. 50-kHz HARDWARE MODIFICATIONS,

5.1 General Remarks.

In redesigning the NBS Phase Angle Standard to extend its frequency range
to 50 kHz, it was possible to use the same backplane connections as in the
5-kHz version of the standard with few exceptions. This was a convenience,
particularly during the transition stage when both sets of circuit boards
could be operated in the same system. As development work progressed, a few
additional backplane connections were installed without destroying the
compatability with the circuit boards of the 5-kHz version,

To reduce heat and power dissipation, all relays on the Qutput and Phase
Detector circuit boards are of the latching type, and the necessary switching
pulses are generated by a combination of relay driver togic hardware and
software, Major circuit changes involve the Output Phase Detector, Digitizer,
and Memory-latch boards. Only relatively minor modifications have been
necessary in the Synthesizer (strobe pulse generator) and microprocessor
circuit boards. A special board has been added for the IEEE-488 bus interface.
The arrangement of the circuit boards in the card cage as viewed from the
front panel access door is shown in figure 5.1

5,2 Output Circuit Board,

The circuit boards located in position A7 and A9 generate the two Phase
Angle Standard output voltages. These two boards are identical and contain the
analog waveform generating circuits and the amplitude control circuits (figure
5.2a).

5.2.1 Waveform Generating Circuits

The digital data, from which the output waveform is generated, are
transfered from memory to a set of latches on the Memory-lLatch circuit board
(D4) with every strobe pulse. The output data from these latches is then
connected by separate, dedicated 16-bit busses to the Qutput Circuit Boards
(A7 and A9) where the data are again latched into a pair of octal registers,
U1-U2. The double latching buffers the data and helps to reduce noise picked
up during transfer from the Memory to the Output circuit. The second latch
delays the information by an additional clock (timing pu]se) period but does
not affect the throughput rate.

As shown in the circuit diagram, figure 5.2, the input pins of the 16-bit
and 12-bit digital-to-analog converters (U3 and U4) are connected in parallel
to the output of the 16-bit latches so that the 12 most significant bits
always feed both converters s1mu1taneously. The current outputs of each
converter are connected to the summing junction of a separate active filter
(AR2-AR3 and AR1) which has a 3-dB frequency of 25 kHz (4-po1e Butterworth) or
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310 kHz (2-pole Butterworth) for the 16-bit and the 12-bit channels
respectively. Both converters produce an analog output waveform at all times,
irrespective of the selected frequency range, though only the appropriate
converter is connected through a relay (K1) to the rest of the circuitry.

5.2.2 Amplitude Control

The programmable amplitude control and associated amphflers are common
to the signal paths from both the 16-bit and 12-bit converters. Fron the
active filter the signal is routed through relay (K1) to a 12-bit multiplying
d1g1ta1r§o-analog converter (U8) which is configured as a resistive attenuator
with 2°° steps, providing output voltages from 0 to 7.069 volts.in
approximately 2 millivolt increments. Depending on the position of a second
relay (kKz) in the signal path, the attenuated voltages can be fed either to
the output connector of the Phase Angle Standard, or switched (through relay
K3) to the high voltage amplifier (ARS) which has a fixed gain of 14.14 and
provides outputs from 7.1 to 100 volts.

~ The amplitude control information, range selection, and dc offset
adjustment are encoded on a 16-bit bus in a binary format as shown in
table 5.2 which gives examples of the composite code formats. If the bus
information contains amplitude control settings, this is indicated by bit 15
being "low." Bits 3 to 14 then contain the 12-bit digital input to the
mu]t1p1_y1ng digital-to-analog converter. At the same time, the amplitude range
selection is controlled by setting bit 0 "high" for the low-voltage range or
"low" for the high-voltage range. For the Seven-Volt-Mode, both bit 0 and bit
1 are set "high," thereby selecting the appropriate relay connections which
bypass the amphtude control multiplying digital-to-analog converter, and the
information in bits 3 to 14 then has no effect on the output voltage. The
selection of the 16-bit or 12-bit conversion channel is encoded in bit 2 which
is set “low" for the 16-bit converter. If the bus contains dc offset
information, bit 15 is set “high," and bits 7 to 14 then contain the 8-bit
control setting for the dc-offset adjustment.

The 16-bit bus is connected to latches U5-U6, for the amplitude and range
information, and also to the digital-to-analog converter used for dc-offset
control, U7, which has its own internal latch. As mentioned, the most
significant bit, edge connector pin 13, selects the two functions by enabling
either the latches or the 8-bit digital-to-analog converter. The range
information is further decoded by U10 which also generates the pulses to
operate the re]ays using the software controlled pulse signal at edge
connector pin 31.

The digital-to-analog converter for the dc-offset compensation has an
actual output voltage range from 0 to +10 volts. This range is modified to
provide an effective range from -5 to +5 volts by applying a fixed negative 5-
volt bias through resistor network R18-R19, The converter voltage output, and
the the bias yoltage, are connected through high-value resistors (R3 and R17)
to the summing junctions of the two active filter input stages with the
resistors chosen to provide appropriate ranges of dc-offset compensation
currents,
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Control Bits Output Voltage
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€ BRI PPN NPRGNNNCSEeN R EIRRNREOOERRNOIRIRTIRIRREESTE

01011010106 00¢c 01

02NV PRCNSOCPPEBIEPENBABNLRLPIONDOSIORNRPOILIRIBIOENDRLOTYE

0111111111111 ¢c¢c01
0 x x x x X x x x x x x x ¢ 11

0000100110011 ¢c¢co00
6"1..6..i.'igpb.’b‘.i.‘i..a’,bl.i,.i ‘;’paofb

0000000000000 0000092300000 000000CRRRssI0C000S

011111111111 1¢00O0

1 0 0 0 0 0 0 0 0 x x %X %X X X Xx

111 111111 x x %x x x Xx X

" 0.499
5.000

o000

7.0869
7-V-Mode
7.50
70.00
99.98
* * %
-5 (00) -

5 (FF)

*:Dc‘offSef compensatibn; effeétiVe vgltdge source fange from -5 V to +5 ¥
Corresponding hexadecimal digits displayed on readout in Test Mode.

Cc=
X=

bit 0 and bit 1 are range control bits;
bit 15 is the dc offset/amplitude select,

0 for 16-bit conversion channel; c= 1 for 12-bit conversion channel
don't care
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Table 5.2 Amplitude/Range/DC Offset Control (Binary) Format



5.3 Memory Circuit Board.

As explained in chapter 4, for outputs with frequencies above 5 kHz, the
digital data for an entire waveform must be stored so that data can be
converted at megahertz rates. Two banks of memory with 1024 16-bit words each
are provided for the waveform data storage and are shown as U19-U22 and U23-
U26 on the circuit diagram, figure 5.3. The first memory bank is dedicated to
the "reference output" channel and the other to the “"variable output" channel,
A modulo 1024 counter (U1-U3) furnishes the memory address for both banks and
always points to the current location. ‘

The pair of 16-bit data words computed by the waveform generating
processor,one for each output channel, are transmitted successively along the
16 most significant bits of the 20-bit data bus to pairs of octal bus
transceivers (U6-U7,U8-U9). A bus instruction (see chapter 5 of [1] for
details), generated by the processor and latched into U13, directs the data
word to the designated data bank and inserts it at the location given by the
address counter, The instruction initiates a (ground true) write pulse, '‘FE'
or 'VE' for the reference or variable channel respectively, which enables the
corresponding transceivers and writes the data into the appropriate memory.

The strobe pulse (timing pulse), originating in the frequency synthesizer
(Circuit Board D3), arrives at edge connector pin 65 ("TP" on the circuit
diagram), passes through clock control chip U18, and latches the contents of
the memory locations specified by the address counter into the octal latches
U4-U5 and U10-Ull. The strobe pulse is also used to advance the counter to the
next memory address. A third function of the strobe pulse is to acknowledge to
the processor that the data have been read out of memory. This acknowledgement
takes the form of a 1-bit signal that modifies the program flow of the
waveform generating hardware so that the calculation of the next pair of data
points can be initiated. The bit is "OR'ed" into the next address register of
the sequencer section of the 20-bit processor (circuit board D9) which causes
the processor to exit from its wait-loop. Details of this action are described
in chapter 5 of [1]. :

For output frequencies up to 5 kHz, the action described above is
repeated for every sampled data point. Above 5 kHz, a similar procedure is
followed until all 1024 memory locations have been filled with the waveform
data. The frequency synthesizer is then switched to its next higher range
(range 7) which increases the strobe rate by a factor of ten. At the same time
edge connector pin 67 is driven high so that the octal latch, U13, is cleared
and the inputs to the AND gate, Ul6, are driven low, Consequently, the input
at one of the D-type flip-flops, Ul4, is at a low level which prevents the
propagation of the acknowledge ("OR") signal to the output edge-connector pin
68. As mentioned above, without this signal, the the waveform generating
program remains idling, trapped in an endless loop. No new data are therefore
computed and stored in memory until a software command resets the waveform
generating processor, :
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